The immediate-early region exon 4 sequences of six clinical cytomegalovirus strains were determined and compared with those of laboratory strains AD169 and Towne. Of 407 codons in exon 4, 33 (8.1%) showed interstrain variation at the peptide level and 74 (18%) showed interstrain variation at the nucleotide level.
Variation occurred sporadically throughout the exon, and no grouping of strains was apparent. Published oligonucleotide primers proposed for diagnostic detection of cytomegalovirus by polymerase chain reaction have often been based on exon 4 sequences. Some of these primers show sequence mismatches with strains sequenced here. Amplification sensitivity for mismatched strains was reduced up to 100-fold. More-uniform detection sensitivity was achieved with primers of conserved sequence.
Amplification of cytomegalovirus (CMV) sequences from clinical specimens is widely performed for rapid diagnosis as well as for exploration of pathogenesis. Despite numerous reports of successful use of the polymerase chain reaction (PCR) for this purpose, there has been no consensus as to the optimal primers and targets for diagnostic DNA amplification. The large size of the CMV genome (230 kb) offers an effectively unlimited choice of primers. There is, however, sequence variation among CMV strains which affects every region of the genome. Ideally, primer selection should be based on knowledge of interstrain variability in candidate primer sequences and the consequences of mismatching at primer sites. In published work to date, diagnostic PCR primers have frequently been derived from locations within the CMV major immediate-early (MIE) region exon 4 (2-4, 8-11, 14, 16 ). This exon is 1,221 bp (407 codons) in length and has been assumed to be well conserved on the basis of its crucial function in CMV gene regulation (13) and the almost identical published exon 4 sequences from laboratory strains AD169 and Towne (1, 15) .
In this report, MIE exon 4 sequences for six additional clinical strains of CMV are presented. Conserved and variable codons of exon 4 were mapped, and the performance of published and unpublished exon 4 primers was tested against variant strains in an effort to test the effect of sequence mismatch within the primers used for PCR.
MATERIALS AND METHODS
CMV strains. Six genetically distinct clinical CMV strains isolated from urine or blood specimens of kidney, heart, or liver recipients were selected for sequencing on the basis diversity of restriction enzyme digest patterns of PCR products from amplification of the MIE gene region (5) . Four of the strains have also been sequenced in the glycoprotein B and H regions (6, 7) . Except for strains C325 and C327, which were plaque purified directly from the original urine specimen, strains were not plaque purified.
DNA sequencing. (Fig. 1) . Four CMV strains which had been shown to have sequence diversity in this region were selected. In each case, the amplified product showed a single ethidium-stained band on polyacrylamide gel electrophoresis and was purified by removal of primers and small molecules by ultrafiltration (Ultrafree-MC; 10,000-molecular-weight cutoff; Millipore). The DNA concentration was measured by determining the A26, and standard dilutions were made of each template, containing 10 fg, 1 fg, 100 ag, and 10 ag of template per ,ul.
The diluent was 10 mM Tris (pH 8.0)-i mM EDTA containing 1 ,ug of salmon sperm DNA per ml as a carrier. These dilutions were used to test the detection sensitivity of matched and mismatched diagnostic PCR primers.
Comparative sensitivity of diagnostic PCR primers. Detection of exon 4 sequences was attempted with several primers, including ones previously described as well as those newly selected for this study. The forward (coding-strand) primers were MIE2783 and IE-1, and the reverse (noncoding)-strand primers were MIE3114 and MIE-5 (Table 1 and Fig. 1 ). MIE2783 and MIE3114 completely match the sequenced strains, whereas IE-1 (14) and MIE-5 (8) (6, 7) . In the MIE region, variant codons were scattered throughout exon 4 ( Fig. 1) and not strongly clustered or grouped in the manner previously described for gB and gH (6, 7). There were stretches of 10 to 20 codons which showed base conservation in all strains sequenced, located mostly near the beginning of the exon and at its 3' one-third portion. Several distinctive structural features of the encoded peptide, which are also noted in other transcription factors, are preserved among all strains, including a zinc finger motif (codons 180 to 200) and serinerich and polyglutamic acid tracts (one strain deleted one of 5 contiguous glutamic acid residues at codon 348). Amino acid changes at variant codons were mostly conservative and commonly affected more than one strain of those sequenced.
Diagnostic sensitivity of matched and mismatched PCR primers. On the basis of the comparative sequence data obtained in this study, previously published diagnostic PCR primers derived from exon 4 (2-4, 8-11, 14, 16) were noted to have various degrees of mismatch with the sequenced CMV strains, ranging from 0 to 5 bases. Two of these were selected to examine the effect of variation on amplification sensitivity ( Table 2 ). The first, MIE-5 (8), is from the noncoding strand and is mismatched at the 3'-terminal base with five strains and an additional base in one strain. The second, IE-1 (14) , is from the coding strand and has at least a 2-base mismatch with every strain because of an error in the published Towne strain sequence (codon 307) on which the primer was based. This codon was reported (15) as CGT (numbered 392), but resequencing of a sample of Towne strain during this study revealed it to be GCT, in concordance with all other strains. Additionally, IE-1 has mismatches with various strains at 3, 6, and 7 bases from its 3' end (1 base per strain; Table 2 ). Primers MIE2783 and MIE3114, which match all strains sequenced, were used for comparison.
Short targets were amplified cleanly by the four diagnostic primer pairs to yield one predominant fragment of the expected mobility on polyacrylamide gel electrophoresis (Fig. 2) , regardless of whether the CMV strain had a completely matching sequence. The diagnostic sensitivities of various primer pairs are shown in Table 2 and compared with the extent of mismatch within the primer sequences. Matched primers detected 3 ag (approximately 4 copies) of target sequence in all four strains, as did the primer pair MIE2783-MIE-5, where MIE-5 is mismatched with the 3'-terminal base in two strains (C005 and C076). Primer IE-1, which has the most extensive and diverse mismatching, was consistently 1 to 2 orders of magnitude less sensitive, even though amplification should be favored by the shorter target molecule. However, with the primer pair IE-1-MIE-5, the least mismatched strain (Towne, 2 bases) was amplified with equal sensitivity (3 ag) as with matched primers. COO5  GCTGGTGCTAGCTCC  CTCCTCTTTCTCTGA  3  300  30  3  C076  GCTGGTGCCAGTTCC  CTCCTCTTCCTCTGA  3  300  30  3  C145  GCTGGTGTCAGCTCC  CTCCTCTTCCTCTGG  3  30  30  3  Towne  GCTGGTGCCAGCTCC  CTCCTCTTCCTCTGG  3  30  3  3 a Fifteen bases corresponding to the 3' end of the primer sequence. of mismatch with some strains. As the results show, the effect of mismatch at primer sequences is variable and can be subtle, even when there appears to be obvious mismatching. For example, primer MIE-5 performs as well as a nearby matched primer despite mismatching of the 3'-terminal base in most strains. It has been previously reported that a 3'-terminal G-T mismatch, as was the case here, is not detrimental to primer performance, whereas some other mismatches seriously affect sensitivity (12) . Primer MIE-5 is also slightly longer than other primers studied; greater primer length may facilitate annealing in the presence of base mismatching. On the other hand, primer IE-1 lost 1 to 2 orders of magnitude of sensitivity (depending on the strain) but was still able to amplify three different strains each mismatched at three positions. The very high degree of sensitivity achieved with matched primers (4 copies detected) must be considered idealized, because little extraneous DNA is present in the standard templates. Sensitivity will likely be less when amplifying from cell extracts.
Although primer mismatching does not necessarily prevent PCR amplification, use of primers having a known high degree of sequence conservation, such as those proposed here and elsewhere (6, 7), should reduce assay variability in clinical practice. For routine diagnostic use, there is no special reason for favoring primers from MIE exon 4. In this and other regions, conserved sequences can be used as amplification primers, whereas the more variable sequences allow the differentiation of CMV strains. Amplification of target sequences, followed by restriction or sequence analysis, is valuable in authenticating signals from clinical specimens.
